Introduction
Human rhinoviruses (HRVs) cause 2 to 3 self-limited episodes of the common cold per person each year (Hershenson, 2010) . It is a leading cause of respiratory virus infections causing hospitalizations in children: some 25-50% of children with respiratory symptoms test positive for HRV (Legg et al., 2005; Van der Zalm et al., 2011) . HRV exacerbate chronic respiratory diseases and increase morbidity rates in the elderly (Gerna et al., 2009; Jartti and Korppi, 2011; Longtin et al., 2010a) . Viral infections cause 85% of asthma exacerbations in children, and HRV infections are responsible for 50-80% of these exacerbations (Kelly and Busse, 2008; Wark et al., 2005) . Surveillance of long-term care facilities in Ontario found that, of 297 respiratory outbreaks, HRV was identified in 59% (Longtin et al., 2010b) . Despite its increasing clinical importance, HRVs are not usually diagnosed by clinical laboratories. Traditional detection methods (i.e., antigen detection) are not feasible due to a large number of serotypes. Recently, molecular assays targeting the 5′UTR and commercial multiplex assays detecting human enterovirus (HEV) and HRV have been described (Gambarino et al., 2009; Jokela et al., 2005; Lu et al., 2008) . Molecular tests targeting the conserved 5′UTR have improved sensitivity and increase the coverage of picornaviruses; however, they do not distinguish between HEV and HRV (Mahony, 2008) . Not all resources, such as locked nucleotide analog primers, are available to everyone, as there are limited manufacturers limiting the possibilities of developing HRV-specific assays (Lu et al., 2008) . Quantitative polymerase chain reaction (qPCR) assays have recently been developed for some respiratory viruses (Gianella et al., 2011; Hohaus et al., 2011; Ward et al., 2004) , including HRV (Franz et al., 2010; Utokaparch et al., 2011) , and used to assess responses to antiviral agents and predict patient outcomes.
The objectives of this study were to develop a modified qPCR assay for HRV from Lu et al. (2008) , evaluate viral load in 3 symptomatic patient populations, and monitor viral loads in a student population for 7 days following symptom onset.
Methods

Clinical specimens
Nasopharyngeal swab (NP) and mid-turbinate nasal flocked swabs (NS) were collected by experienced healthcare professionals from 3 patient populations including hospitalized children, university students, and institutionalized elderly. This study was approved by McMaster University Research Ethics Board (Hamilton, ON, Canada). Diagnostic Microbiology and Infectious Disease 74 (2012) 384-387 One hundred NP specimens were submitted in universal transport medium (UTM) (Copan Italia, Brescia, Italy) to the Regional Virology Laboratory (Hamilton, ON, Canada) between September and December 2009 from children (0-16 years) representing the first population. Symptoms were recorded upon admission. The NP specimens were tested by xTAG™ RVP v. 1 (Luminex, Toronto, ON, Canada).
McMaster University undergraduate students (n = 422) participating in a cohort study between September and October 2009 and between September and October 2010 represented the second population. Mid-turbinate flocked nasal swabs in CyMol™ transport medium (Luinstra et al., 2011; Smieja et al., 2010) (Copan Italia, Brescia, Italy) were self-collected at symptom onset and for up to 7 days. Students submitted electronic questionnaires of upper respiratory tract infection (URTI) symptoms weekly. NS were tested with xTAG™ RVP v. 1 (Luminex).
The third group included 59 residents in a long-term care facility at Sunnybrook Health Sciences, Toronto, ON, Canada. NP specimens were collected in UTM (Copan Italia) from August 27 to October 13, 2010. Symptoms were recorded upon hospital admission. Samples were positive for HRV using the Resplex II v. 2 assay (Qiagen, Mississauga, ON, Canada).
Total nucleic acid extraction
Total nucleic acid was extracted from both NP and NS (200 μL) using the easyMAG™ automated extractor according to the manufacturer's instruction (bioMérieux, Montreal, QC, Canada). Twenty microlitres of MS2 bacteriophage (Luminex) was added to each sample.
Quantitative PCR
A 210-bp region of the 5′UTR of HRV was selected for amplification. Two modified forward primers (RAF and RBF), a reverse primer (LR), and a dual-labeled probe (Rhino-probe) were used in the qPCR (Table 1) . Primers were synthesized at Mobix (Hamilton, ON, Canada), and the probe labeled with 6-carboxyfluorescein (5′) and Black Hole Quencher-1 (3′) was synthesized at Biosearch Technologies (Novato, CA, USA) (Table 1) .
qPCR was performed using the QuantiTectProbe RT-PCR kit from Qiagen. The 20-μL reaction volume contained 1.5 μmol/L each of forward and reverse primers, 0.2 μmol/L of probe, and 5 μL of nucleic acid, and amplification was performed using the LightCycler 2.0 instrument (Roche, Laval, QC, Canada) as follows: reverse transcription, 30 min at 50°C; polymerase activation, 15 min at 95°C; and 45 cycles of 30 s at 95°C and 60 s at 60°C.
RNA transcripts were prepared with a representative HRV strain for analytical sensitivity and specificity studies. PCR amplicons were prepared from HRV 60 (American Type Culture Collection, Manassas, VA, USA) using primers that bracketed the qPCR region (Kiang et al., 2008) . The transcripts were synthesized with the MEGAscript T7 In Vitro Transcription kit (Applied Biosystems, Carlsbad, CA, USA) and purified with PureLink PCR purification kit (Invitrogen, Burlington, ON, Canada). Transcripts were quantified using the NanoDrop 1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). Positive-sense transcripts were 400 bp in length with yields of 1.50 × 10 13 viral copies/μL. A standard curve was generated with replicate serial 10-fold dilutions in easyMAG Extraction Buffer 3 (bioMérieux) and stored at −70°C.
The specificity of the HRV qPCR assay was assessed using RSV, PIV 1-3, adenovirus, human metapneumovirus, human coronavirus 229E and OC43, influenza A H1N1 and H3N2, influenza B, herpes simplex virus 1, cytomegalovirus AD169, Chlamydophila pneumoniae, Legionella pneumophila, Streptococcus pneumoniae, and Mycoplasma pneumonia from clinical isolates. To assess the ability of the qPCR to detect a range of picornaviruses, 22 HEVs from clinical specimens were tested.
Sequencing
Sanger sequencing was used to distinguish between HEV and HRV targeting 400 bp of the 5′UTR of the HEV/HRV genome (Kiang et al., 2008) . To identify species, a partial sequencing of the VP1 gene was amplified (Nix et al., 2006) . Amplicons were purified using Purelink PCR purification (Invitrogen) and 5 μL was sequenced at Mobix on the ABI 3730 DNA Analyzer (Applied Biosystems, Foster City, CA, USA).
Statistical analysis
Statistical analyses were performed using GraphPad InStat 3 (GraphPad Software, La Jolla, CA, USA). A P b 0.05 was considered to be statistically significant.
Results
Development of qPCR assay for HRV
Sensitivity and specificity of qPCR
A qPCR assay amplifying 210 bp of the 5′UTR was developed to assess HRV viral loads. A panel of 18 different respiratory viruses and bacteria were tested to assess the specificity of the qPCR. All specimens tested negative by qPCR.
A panel of 22 recent HEV isolates were tested to assess crossreactivity with HEV. Only 3 (13.6%) of 22 HEVs (mean threshold cycle [C T ] 32.86; 95% confidence interval [CI], 31.7-34.0) were detected by the HRV qPCR assay.
Lower limit of detection and quantitation
HRV 60 RNA transcripts were used to assess amplification efficiency. Amplification was linear over a 5-log dynamic range (Fig. 1) , an R 2 value of 0.996, and efficiency (Bustin et al., 2009) 104.5%. The lower limit of detection (LLOD) was determined by testing 15 replicates of HRV 60 RNA transcripts (1.9 log 10 to 3 log 10 viral copies/mL each). Between 2 log 10 and 3 log 10 viral copies/mL, 15 of 15 replicates were positive, while, at 1.9 log 10 viral copies/mL, only 3 of 15 replicates were positive. The LLOD was 2 log 10 viral copies/mL. The lower limit of quantitation (LLOQ) was determined by plotting mean C T for dilutions 1.9 log 10 to 3 log 10 viral copies/mL as shown in Fig. 1 . Linearity was lost below 4 log 10 viral copies/mL, indicating an LLOQ of 10 4 copies of HRV RNA.
of
Reproducibility
Next, we assessed inter-and intra-assay reproducibility using serial dilutions of RNA transcripts ranging from 2 log 10 to 8 log 10 viral copies/mL by testing on 5 consecutive days. Mean C T (SD) from 2 log 10 to 8 log 10 ranged from 33.02 (1.14) to 17.52 (0.03) within runs, and 32.57 (0.71) to 16.48 (0.44) between runs, respectively. The assay was reproducible between 10 3 and 10 8 copies of RNA.
HRV viral loads of clinical specimens
A sampling of 187 HRV clinical isolates were tested using the HRV qPCR assay, consisting of 81 HRV A, 54 HRV B, and 52 HRV C confirmed by Sanger sequencing. All were detected and quantified by the assay.
Comparison of HRV viral loads in different populations
To determine HRV viral loads, we tested 36 NP from hospitaladmitted children, 19 NS from university students, and 18 NP from institutionalized elderly on day 1 of illness. Mean viral loads from children, students, and elderly were 7.08 log 10 viral copies/mL (95% CI 6.7-7.5), 6.87 log 10 viral copies/mL (95% CI 6.5-7.2), and 6.86 log 10 viral copies/mL (95% CI 6.5-7.3), respectively (P = 0.67). Twelve children reported symptoms of asthma exacerbations (33.3%), wheezing (8.3%), fever (50.0%), rhinitis (8.3%), and cough (41.7%). Eighteen students reported symptoms of rhinitis (77.8%), fever (22.2%), cough (66.7%), sore throat (38.9%), and wheezing (16.7%). Eighteen institutionalized elderly residents reported fever (25.0%), rhinitis (15.0%), and cough (90.0%). No individual in the 3 populations was co-infected with another respiratory virus as determined by xTAG™ RVP v. 1 (Luminex).
Serial daily sampling of HRV viral loads in university students
To determine the duration of HRV shedding, 14 undergraduate students with symptoms of an URTI self-collected NS for a period of 7 days from the onset of illness and then once weekly. Virus was detected on days 1-7, but none had detectable virus on day 14. Mean viral load decreased from 6.36 log 10 viral copies/mL on day 1 to 2.32 log 10 viral copies/mL on day 7 (P b 0.001) (Fig. 2) . Sanger sequencing of HRV positives identified 5 HRV A, 5 HRV B, and 4 HRV C species. There was no significant difference in viral load found by species (P = 0.81). In addition, no significant difference in viral load decline was detected between species (P = 0.86).
Discussion
In this study, we used an improved qPCR assay to evaluate viral loads in 3 patient populations and investigate HRV shedding in students. This assay detects a wider range of HRV genotypes due to the addition of a second forward primer. We found no significant difference in viral load between the 3 study populations (P = 0.67). Serial observations of students for 7 days post onset of symptoms demonstrated a significant decrease in viral load (P b 0.001).
The HRV qPCR assay targeted a 210-bp region in the 5′UTR. This is a highly conserved region with lower rates of recombination compared to HEV (Lu et al., 2008) . The modified primers adapted from Lu et al. (2008) are effective at detecting all 3 HRV species,
although not all genotypes were tested and future modifications to the primer and probe design may be necessary as novel genotypes emerge (Faux et al., 2011) . Although the assay does not detect other respiratory pathogens, it detected some HEV (3/22 positives) at a low copy number (mean C T , 32.86). The relevance of low viral loads of HEV in clinical isolates is not known and will require further investigation. In addition, it is not known whether HRV viral loads below our LLOQ are clinically relevant and result in clinical presentations. We are currently investigating HRV viral loads in asymptomatic individuals.
We used the qPCR to test different symptomatic patient populations and expected to see different quantities between children, university students, and the elderly to correlate viral load with severity of clinical presentation. To our surprise, the mean titres of HRV were the same for these 3 populations. Sampling with NS and NPS is comparable and cannot account for differences in viral titres (Lambert et al., 2008; Larios et al., 2011) . Timing may have affected our results as adult specimens were collected on day 1 following symptom onset, whereas the time of collection for children and symptom onset was not available. This is the first report, to our knowledge, of HRV viral loads in adult populations. Two previous reports measured HRV viral loads in hospitalized children (Franz et al., 2010; Utokaparch et al., 2011) . Utokaparch et al. (2011) tested archived samples and reported lower viral loads (mean viral load, 1.07 log 10 viral copies/mL) for children than we detected (Utokaparch et al., 2011) . Lower viral loads in their study may have been due to prolonged specimen storage with potential RNA degradation, different assay methodology, or collection method. Future studies will be required to determine the range of viral loads in children as well as how viral load changes over time.
We evaluated the duration of infections in the community by testing otherwise healthy university students. There was no difference in the rate of decline for viral load of HRV A, B, or C (P = 0.86), although our sample size was small. Students were not infected with a distinct HRV genotype during the symptomatic episode nor did they experience a second episode. Additional studies with larger numbers of healthy individuals will be required to determine whether there are differences in viral loads across different HRV species.
The qPCR assay described here conducts rapid, sensitive, and precise quantitation of HRV. To date, there are no data on viral loads at various times following infection of hospitalized patients. Observations of hospitalized patients allowing comparisons to community infections may be warranted. qPCR tests provide accurate tools for Log 10 viral copies/ml Day Fig. 2 . Longitudinal surveillance of HRV viral loads in university students. Self-collected mid-turbinate nasal swabs (n = 98) were serially submitted over a 7-day period by undergraduate students (n = 14) following the onset of upper respiratory tract infection. Fourteen nasal swabs were tested per time point. Data are plotted as mean viral loads (log 10 viral copies/mL) and SEM for various days following onset of symptoms (P b 0.001).
investigation of HRV viral loads and could be used to measure novel antivirals currently under development.
